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The microstructures and properties of Al–Si–Fe alloy matrix composites reinforced with different weight
fractions of breadfruit seed hull (husk) ash particles of size 500 nm were investigated. Six (6) different
weight fractions of breadfruit seed hull ash particles were added to aluminium alloy matrix using a dou-
ble stir-casting method. Microstructural analysis shows that with the increase of the reinforcement
weight fraction, the matrix grain size decreases. The mechanical properties of the composites are
improved over the matrix materials, except for the slightly decrease of the impact energy. Fracture sur-
face examination indicates that there is a good interfacial bonding between the aluminium alloy matrix
and the breadfruit seed hull ash particles and that fracture initiation does not occur at the particle-matrix
interface. Hence, incorporation of breadfruit seed hull ash particles in aluminium matrix can lead to the
production of low cost aluminium composites with improved hardness and strength. These composites
can ﬁnd applications in automotive components where light weight materials are required with good
stiffness and strength.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Metalmatrix composites (MMCs) are engineered combination of
the metal (matrix) and hard particle/ceramic (reinforcement) to get
tailored properties. MMCs are either in use or prototype for space
shuttle, commercial airliners, electronic substrates, bicycles, auto-
mobiles, golf clubs, and a variety of other applications [1,2].
Discontinuously reinforced aluminium composites are being
recognized as an important class of engineering materials that
are making signiﬁcant progress. The reasons for their success are
related to their desirable properties including low density, high
hardness, high compressive strength, wear resistance, etc. [3,4].
The high cost of current MMCs compared to aluminium alloys
has inhibited production on a large industrial scale, for example,
in the automotive industry. In the attempt to overcome this limita-
tion, several research and development (R&D) programmes [3–5]
were focused on the reﬁnement of aluminium-based MMCs using
low cost industrial waste by-products as the reinforcement partic-
ulate. Reinforcing an aluminium alloy with particles of a second
phase can improve the physical, mechanical and tribological prop-
erties of the material, or it may result in material savings at little
detriment to the properties desired. This could reduce the costanya).
-NC-ND license.and the weight of energy intensive metals for potential
applications in engineering components for a new generation of
vehicles [6].
The ever-increasing demand for low cost reinforcements stimu-
lated the interest toward production and utilization of by-products
from industries as reinforcements since they are readily available
or are naturally renewable at affordable cost. Aigbodion [7] has
used Kankara clay (alumino-silicate) in reinforcing Al–Si alloy, Bie-
nia et al. [8] used ﬂy ash in reinforcement of aluminium matrix,
Naresh [9] worked on the development and characterization of
metal matrix composite using red mud, an industrial waste for
wear resistant applications. They all reported good dispersion
and recovery of the particles in the composites castings. Fly ashes
from coal combustion have been successfully combined with alu-
minium alloys using the foundry process to produce a class of
MMCs called Ashalloys [10]. It was demonstrated by Rohatgi
et al [10] that Ashalloys offer the advantages of reducing the
disposal volumes of electric utility industries, providing a high
value-added use of ﬂy ash, and at the same time introduced a class
of new materials with improved properties at reduced cost. It is in
the light of the foregoing researches that investigation into the
possibility of using breadfruit seed hull ash in metal matrix partic-
ulate composite for engineering applications was motivated since
breadfruit grows all over the tropical Africa in countries like
Angola, Cameroon, Central African Republic, Congo, Cote d’lvoire,
Nigeria, Senegal, Sierra leone, Sudan, Togo, Ghana, and etc.
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beneﬁts and the advantages of using of a new reinforcing phase con-
sisting of ﬁne breadfruit seed hull ash particles in aluminium-based
MMCs. Special attention was paid to the intrinsic economy of the
overall process in order to develop a real low costmetalmatrix com-
posite suitable for the application in the automotive industry.2. Materials and method
2.1. Materials and equipment
The raw material was African breadfruit seed hull, obtained as
wastes from breadfruit processing units’ market at Awka in Anam-
bra State, Nigeria. Equipment: electrical resistance furnace, X-ray
diffractometer (XRD), Scanning electron microscope with energy
dispersive spectrometer (SEM/EDS), X-ray ﬂuorescent (XRF), In-
stron testing machine, Rockwell hardness tester and Charpy im-
pact machine.Table 1
XRF analysis of breadfruit hull ash.
Element Al2O3 Cr2O3 Fe2O3 K2O MgO Na2O SiO2 MnO ZnO
% 35.80 5.06 30.34 0.52 1.20 0.45 15.45 0.22 0.052.2. Method
The breadfruit seed hull was dried for 48 h in the sun and
ground to form breadfruit seed hull powder. The powder was
packed in a graphite crucible and then ﬁred in an electric resis-
tance furnace at a temperature of 1300 C to form breadfruit seed
hull ash. The ash was ball milled at a speed of 200 rpm for 6 h. The
breadfruit seed hull ash was mechanically sieved and the grain
fraction used was 10 lm.
Mini Pal compact energy dispersive X-ray spectrometer (XRF)
was used for the elemental analysis of the breadfruit seed hull
ash. The system is controlled by a PC running the dedicated Mini
Pal analytical software [3].
The specimens were produced by keeping the percentage of
iron and silicon constant and varying the breadfruit seed hull ash
from 2 to 12 wt%. High purity aluminium wire free from dust
and contamination and 7 wt% Si were charged into a graphite cru-
cible. The crucible furnace was heated to about 750 C till the en-
tire alloy in the crucible was melted and 2 wt% iron powder was
added. The reinforcement particles (breadfruit seed hull ash) were
preheated to 800 C for 2 h before incorporation into the melt in
order to improve wettability and harmonize the temperature
[11]. After the molten metal was fully melted, degassing tablets
(hexachloroethane) were added to reduce porosity.
A stirrer made of stainless steel with graphite coating was low-
ered into the melt slowly to stir the molten metal at the speed of
500–700 rpm. Before adding the breadfruit seed husk ash particle
magnesium was added to the melted. Then preheated breadfruit
seed hull ash particles were then added into the molten metal.
The stirring was continued for another 5 min after the completion
of feeding of the breadfruit seed hull ash particles. The mixture was
then poured into a mould which was preheated to 500 C for
30 min to obtain uniform solidiﬁcation. Using these processes, 2–
12 wt% breadfruit seed hull ash composites were produced. After
casting, the density, hardness, impact, tensile test and the micro-
structure examination were conducted for the various grades of
composites produced.
Density measurements were carried out on the breadfruit seed
hull ash and composite samples using Archimedes’s principle [12].
The difference between the real and effective mass therefore gives
the mass of water displaced and allows the calculation of the vol-
ume of the irregularly shaped object. The mass divided by the vol-
ume thus determined gives a measure of the average density of the
sample [7].
The composite samples were investigated to identify and quan-
tify the phases using X-ray diffraction technique at the Departmentof Chemical and Metallurgical Engineering, University of Witwa-
tersrand, Johannesburg South Africa. Bruker D8 h–h X-ray diffrac-
tometer equipped with CoKa monochromating multilayered
mirrors was used for the analysis. Rietveld reﬁnement software,
TOPAS™, was used for quantitative analysis [3,13].
The microstructure and the chemical compositions of the
phases present in the composites test samples were studied using
a JOEL JSM 5900LV Scanning Electron Microscope equipped with
an Oxford INCA™ Energy Dispersive Spectroscopy system at the
department of Chemical and Metallurgical Engineering, University
of Witwatersrand, Johannesburg South Africa. The samples were
ﬁrmly held on the sample holder using a double-sided carbon tape
before putting them inside the sample chamber. The SEM was
operated at an accelerating voltage of 5–20 Kv [3,14].
The hardness values of the samples were determined (ASTM
E18-79) using the Rockwell hardness tester on ‘‘B’’ scale (FrankWell
test Rockwell Hardness Tester, model 38506) with a 1.56 mm steel
ball indenter, minor load of 10 kg, and major load of 100 kg and a
hardness value of 101.2HRB as the standard block [3].
The tensile properties of the composite samples were con-
ducted on Instron tensile testing machine with a strain rate of
2  103 s1. The test pieces were machined to the standard shape
and dimensions as speciﬁed by the American Society for Testing
and Materials [3,14].
The impact test of the composites was conducted using a fully
instrumented Avery Denison test machine. Charpy impact tests
were conducted on notched samples. Standard square impact test
sample measuring 75  10  10 mm with a notch depth of 2 mm
and a notch tip radius of 0.02 mm at an angle of 45 was used
[1,3]. For the entire mechanical test ﬁve samples were used each,
the average and the error bars were plotted.3. Results and discussion
The density of the breadfruit seed hull ash was found to be
1.98 g/cm3 which means that breadfruit seed hull ash is a very light
material. The value obtained falls within the range of density of ﬂy
ash, bagasse ash and silica which is 1.8–2.2 g/cm3 [3,8].
The XRF chemical composition of the breadfruit seed hull ash is
represented in Table 1. XRF analysis conﬁrmed that SiO2, Al2O3,
MgO and Fe2O3 were found to be the major constituents of the
ash. Silicon dioxide, iron oxide and alumina are known to be
among the hardest substances [10]. Some other oxides viz. K2O,
Na2O and MnO were also found to be present in traces. The pres-
ence of hard elements like SiO2, Al2O3, Cr2O3 and Fe2O3 suggests
that, the breadfruit seed hull ash can be used as particulate mate-
rial for reinforcement.
Macrostructural observations revealed a reasonably uniform
distribution of breadfruit seed hull ash particles in the aluminium
alloy. The distribution of breadfruit seed hull ash particles is inﬂu-
enced by good wettability of the breadfruit seed hull ash by the
molten metal and good interfacial bonding between breadfruit hull
ash particles and matrix material (see Fig. 1). The good wettability
obtained in this study was as a result of the use of the degassing
tablets combined with magnesium addition and the double stirring
method used during casting which helped to avoid gravity segrega-
tion [3].
The presence of magnesium in the aluminium alloy matrix dur-
ing the production of the composites not only strengthens the ma-
Fig. 1. Photograph of the cast composites.
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sion, leading to an increase in the surface energy of the dispersions.
Hence there are three important roles of magnesium in aluminium
melt. Increasing the surface energies of the ceramics, decreasing
the surface tension of the liquid matrix alloy and decreasing the so-
lid/liquid interfacial energy at the dispersion matrix interface. Dur-
ing the stirring of the composites, stirring helps in two ways:
transferring particles into the liquid metal and maintaining the
particles in a state of suspension.
The density decreased with increasing percentage additions of
breadfruit seed hull ash (see Fig. 2).
Since the density of breadfruit hull ash particulate is 1.98 g/cm3
the overall density of the developed composites decreased with
wt% additions of breadfruit seed hull ash particles. For example,
the density decreased by 5.04% at 12 wt% breadfruit seed hull
ash particles’ addition. This shows that composites with light
weight can be made with breadfruit seed hull ash particles. This
is in agreement with the earlier work of Aigbodion [3] and Siva Pra-
sad and Rama Krishna [2].
The XRD pattern of the aluminium alloy and the alloy reinforced
with 8 wt% breadfruit seed ash composites manufactured by dou-
ble stir casting method is shown in Figs. 3 and 4. From the Figs.
3 and 4, it was observed that, the major phases of the aluminium
alloy are Fe3Si, Al6Fe, a-Al (see Fig. 4).
The composites show smaller inter-planar distance as a result of
the sub-grain formed with the addition of breadfruit seed hull ash,
the phases present in the composites are a-Al, FeSi SiO2, Al2O3 and
Fe3C (see Fig. 4). In these diffractograms, one can evidently deduce
the crystalline phases of the aluminium alloy from those of theFig. 2. Variation of density with wt% breadfruit seed hull ash with error bar
standard deviation.composites material. The X-ray patterns show Fe3Si, Al6Fe, a-Al
presence in the matrix aluminium alloy and evidence of the bread-
fruit seed hull ash particles in the composite.
The typical microstructures of the composites with different
weight fractions of the breadfruit seed hull ash particles are shown
in Figs. 5–9.
In all the samples, polygonal morphology particles and alumin-
ium alloy matrix with a eutectic structure formed in the interden-
dritic region can be seen. The particles are mostly embedded in the
aluminium alloy grains, while others are along the grain bound-
aries with eutectic phases. The particle distribution is relatively
uniform, though particle-rich and particle-free regions can be seen
due to the effect of solidiﬁcation (see Figs. 6–9).
The microstructures of the composites reveal small discontinu-
ities and a reasonably uniform distribution of breadfruit seed hull
ash particles in the aluminium matrix. The ceramic phase is shown
as dark phase, while the metal phase is white (see Figs. 6–9). Good
retention of breadfruit seed hull ash particles can be clearly seen in
the microstructures of the composites. Good interfacial bonding
was obtained by magnesium addition, heating of breadfruit seed
hull ash particulates prior to dispersion during stirring improved
wettability of breadfruit seed hull ash particles. These structures
are in agreement with phases studied by other researchers [8–12].
Finally, as mentioned above, no particle fragmentation occurs in
the aluminium alloy melt, giving rise to a clean surface, which can
form an intimate contact with the aluminium alloy melt and obtain
a perfect metallurgical bonding after solidiﬁcation without impuri-
ties or gas presenting at particle–matrix interface.
The hardness values of the composites are shown Fig. 10. It is
clear that the hardness values of composites reinforced with
breadfruit seed hull ash particles are higher than those of alumin-
ium alloy without reinforcement.
This is probably due to an increase in the volume of precipitated
phases or a high dislocation density. These increments are attrib-
uted to increase of the weight percentage of hard and brittle
phases of the breadfruit seed hull ash particles in the aluminium
alloy. The hardness of the breadfruit seed hull particles is obtained
from the Fe2O3, C and SiO2 elements that make up the particles [1–
3]. Also the presence of breadfruit seed hull ash particles in the alu-
minium alloy increased the dislocation density at the particles–
matrix interfaces. This is as a result of differences in coefﬁcient
of thermal expansion (CTE) between the hard and brittle reinforced
particles and soft and ductile metal matrix which resulted in elas-
tic and plastic incompatibility between the matrix and the rein-
forcement [1,9–13].
The average measured tensile properties of all the samples are
given in Fig. 11.
The 0.2% offset yield stress (YS) and ultimate tensile strength
(UTS) of the composites are higher than those of the aluminium al-
loy matrix, and show a monotonic trend over the whole added
reinforcement volume fractions, e.g. the yield and tensile strength
increased by 28.38 and 24.86% at 12 wt% breadfruit seed hull ash
particles respectively. With increasing volume fraction, more loads
are transferred to the reinforcement which also resulted in a higher
tensile strength. This behaviour is in agreement with the work car-
ried out by Yung et al. [13]. This result may be attributed to several
factors including the good particle–matrix interfacial bonding, the
ﬁne reinforcement particle size, the strengthening effect of the
breadfruit seed hull ash on the aluminium alloy matrix [14,15].
In general, when ceramic particles are introduced to ametal ma-
trix by casting method, particle-porosity clusters tend to occur due
to the poor wettability and gas entrapment during mixing [1–5].
However, the defect has not been found in the present study, which
can be attributed to the good wettability of the breadfruit seed hull
ash particles with aluminium alloy melt which helped the disper-
sion process of the particles in the aluminium alloy melt [15–17].
Fig. 3. XRD pattern of the aluminium alloy.
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Fig. 4. XRD pattern of the aluminium alloy with 8 wt% breadfruit seed hull ash.
Fig. 5. SEM/EDS of the aluminium alloy.
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Fig. 6. SEM/EDS of the aluminium alloy reinforced with 2 wt% breadfruit seed hull ash.
Fig. 7. SEM/EDS of the aluminium alloy reinforced with 6 wt% breadfruit seed hull ash.
Fig. 8. SEM/EDS of the aluminium alloy reinforced with 10 wt% breadfruit seed hull ash.
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noticeable, with the hardness values and tensile strength values of
the composites. To understand the above improvement, it is desir-
able to discuss the strengthening mechanism in detail. Generally,
the mechanical properties of metallic materials are signiﬁcantly
affected by various factors, such as grain-boundaries, sub-
structures, solid solutions, second phases, and so on. For the
present materials, contributions from sub-structures and solidsolutions’ effects can be ignorable. Based on the structural informa-
tion obtained above (Figs. 6–9), the grain reﬁnement of the matrix
and the reinforcement contributed by breadfruit seed hull ash par-
ticles are the main reasons for the improvement of the hardness
and tensile strength illustrated above.
Breadfruit seed hull ash particles play an important role on the
load transfer in the strengthening of the developed composites. As
shown in Figs. 6–9, breadfruit seed hull ash particles introduce a
Fig. 9. SEM/EDS of the aluminium alloy reinforced with 12 wt% breadfruit seed hull ash.
Fig. 10. Variation of hardness values with wt% breadfruit hull ash with error bar
with standard deviation.
Fig. 11. Variation of strengths with wt% breadfruit see
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interfaces of aluminium alloy are generated. With a low volume
fraction of breadfruit seed hull particles, the grain size of the ma-
trix is much bigger, so the Orowan bypass mechanism may operate
within those large grains of aluminium alloy, similar as in most tra-
ditional materials [15–20]. With high breadfruit seed hull ash frac-
tions, however, aluminium grains that are getting smaller and
smaller induce grain reﬁnement as illustrated above, the Orowan
bypass mechanism will get invalid since the matrix and the rein-
forcing agent present similar grain sizes. In this case the load can
be transferred directly through the interface. The above specula-
tion is based on two facts: (i) a large amount of atomically bonded
interfaces has been observed in our experiments; (ii) the material
grain-boundary (GB) activities (sliding/rotation or dislocations
emitting form GBs), rather than the dislocation pile-up and move-
ment, are thought to mainly account for the deformation under ap-
plied stress.
Thermal mismatch: matrix and reinforcement have different
coefﬁcients of thermal expansion therefore during the cooling pro-
cess plastic deformations are produced in the matrix at the inter-
face. These deformations can cause defects such as dislocations.
Due to the increment of interfacial area, the density of dislocation
is also increased [12–17].d hull ash with error bar and standard deviation.
Fig. 12. Variation of impact energy and % elongation with wt% breadfruit seed hull ash with error bar with standard deviation.
  
(a) Mag x 100 (b) Mag x 1000 
Fig. 13. SEM fractograph of the aluminium alloy.
(a) Mag x 100 (b) Mag x 1000
Fig. 14. SEM fractograph of the aluminium alloy reinforced with 12 wt% breadfruit seed hull ash.
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pact energy and % elongation slightly decrease as the percent
breadfruit seed hull ash particles’ addition increases in the com-
posites (see Fig. 12). The brittle nature of the reinforcing material
(breadfruit seed hull ash) is supposed to play a signiﬁcant role in
degrading the impact energy and % elongation of the composites.
On the other hand, as can be suggested from the impact test, the
elastic behaviour of the matrix proportionately varies with the
addition of the breadfruit seed hull ash particles. As the loading
of breadfruit seed hull ash particles increases, the ability of the
composites to absorb impact energy is supposed to have decreased
to a great level since there is a less ratio of the matrix to particles.
However, the ball milling of the particles to size 10 lm helped in
providing a large surface between the matrix and the particles’
interface which help in improving the impact energy. However,
the impact energy decreased by 8.5% at 12 wt% breadfruit seed hull
ash and the results obtained are within the standard values
[11–22].
Figs. 13 and 14, show the typical fractographs of the failed ten-
sile samples. The composite samples display a mixed fracture
mechanism on the fracture surface: brittle fracture of the rein-
forcement particles and ductile tearing of the aluminium alloy
matrix.
A primary difference between the fracture surfaces of the
composites is the relative area fraction of the matrix to fractured
particles. Another difference is the proportion of voids presented
on the fracture surface (compare Figs. 13 with 14). It can be con-
cluded that the dominant fracture mode of samples are particle
cracking and matrix ductile tearing. Particle-matrix interfacial
debonding cannot be found by the fracture surface examination,
which conﬁrms the strong interfacial bonding between the
breadfruit seed hull ash particles and the aluminium alloy ma-
trix [20–23].
4. Conclusions
Aluminiummatrix composites (AMCs) reinforced with different
volume fractions of breadfruit seed hull ash particles were fabri-
cated by double stir-casting method. The microstructures and
properties of the composites were characterized and conclusions
can be drawn:
1. Breadfruit hull seed ash particles were successfully incorpo-
rated in Al–Si–Fe alloy by using stir casting technique.
2. The microstructure analysis of the composites revealed the uni-
form distribution of the breadfruit seed hull ash particles. The
increase in reinforcement volume fraction resulted in the
decrease of matrix grain size in the composites.
3. The addition of breadfruit seed hull ash particles’ reinforcement
to Al–Si–Fe alloy increased the tensile strength and the hard-
ness value of composites but slightly reduced the impact
energy.
4. The increase in strength and hardness was as a result of the
increases in the amount of the hard breadfruit hull ash phase
in the ductile metal phase which led to the increase in disloca-
tion density at the matrix-particle inter phase.
5. Fracture mode of composites is particle cracking and matrix
ductile tearing.6. Incorporation of breadfruit seed hull ash particles in aluminium
matrix can lead to the production of low cost aluminium com-
posites with improved hardness and strength. These composites
can ﬁnd applications in automotive components where light
weight materials are required with good stiffness and strength.
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